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Calcium influx via L-type (Cav1.2 and Cav1.3) calcium channels is tightly regulated to ensure optimal
intracellular calcium levels. Although much is known about acute modulation of these channels by
secondmessengers, the mechanisms that control their trafficking to and from the plasmamembrane
remain poorly understood. In this issue of Neuron, Green and colleagues demonstrate that the
opening of L-type calcium channels results in negative feedback regulation due to their calcium-
dependent internalization.Calcium entry though L-type (Cav1.2
and Cav1.3) calcium channels medi-
ates a range of neurophysiological
responses, including the activation of
calcium-dependent enzymes, calcium-
dependent gene transcription, and syn-
aptic plasticity (Deisseroth et al., 2003;
Yasuda et al., 2003). These processes
require precise control over intracellular
calcium levels,andhence,neuronshave
adopted numerous ways of controlling
calcium channel activity. In essence,
these include means of regulating
channel expression and trafficking to
the plasma membrane, acute regula-
tion of calcium channel activity, and
removal of channels from the mem-
brane to reduce channel density and
consequently calcium entry.
The L-type calcium channel a1 sub-
unit requires coassembly with ancillary
a2-d and b subunits for effective mem-
brane targeting (for review, see Jarvis
and Zamponi, 2007) (Figure 1). Mem-
brane expression can also be facili-
tated by association of the channel
with other types of regulatory proteins,
such as the A kinase anchoring protein
AKAP-79, whereas small GTPases
such as Kir antagonize channel traf-
ficking to the plasma membrane (Jar-
vis and Zamponi, 2007). Hence, the
association of the calcium channel
complex with regulatory elements is
a key mechanism of regulating chan-
nel and current density. Once inserted
into the plasma membrane, channel
activity is potently regulated by a vast
number of second messengers. Forexample, the activation of b-adrener-
gic receptors that form signaling com-
plexes containing L-type calcium
channels and AKAPs results in effec-
tive protein kinase A phosphorylation
of the channel, thus drastically in-
creasing channel activity (Davare
et al., 2001). In contrast, calmodulin
binding to the C terminus of the chan-
nel provides for a negative feedback
mechanism by virtue of its role in
calcium-dependent inactivation (Fig-
ure 1)—i.e., the rapid inhibition of L-
type calcium channel activity in re-
sponse to calcium entry (Peterson
et al., 1999). In their elegant study,
Green et al. (2007) have provided evi-
dence for another form of activity-
dependent feedback inhibition of
Cav1.2 L-type calcium channels,
which involves the calcium-dependent
removal of the channels from the
plasma membrane.
The authors first showed that pro-
longed KCl depolarization of rat corti-
cal neurons results in a reversible
decrease in L-type calciumchannel ac-
tivity and intracellular calcium levels.
The effect of depolarization on calcium
current activity was blocked by over-
expression of a dominant-negative
dynamin construct, thus implicating
an endocytotic pathway. The authors
then overexpressed tagged Cav1.2
calcium channel constructs in these
neurons to visualize the removal of
L-type channel complexes from the
plasma membrane in response to pro-
longed membrane depolarization andNeuron 55, Ashowed via biochemical assays that
neuronal activity evoked by glutamate
application results in endocytosis of
L-type channels. By using total internal
reflection microscopy, the authors
showed that L-type calcium channels
are internalized into endosomal vesi-
cles in response to membrane depo-
larization and that calcium influx via
the channels results in a decrease in
the probability of these vesicles being
localized near the plasma membrane.
Finally, the authors used a proteomic
approach to demonstrate that the tu-
mor suppressor protein eIF3e is ac-
tively recruited to the L-type calcium
channel complex in response to chan-
nel activity and that binding of this pro-
tein to a conserved eIF3e consensus
site in the second intracellular loop of
the channel is a key step in the inter-
nalization process. Taken together,
the authors have identified a novel
means of negative feedback regula-
tion, in which the activation of L-type
calcium channels, and their passage
of calcium ions, results in the recruit-
ment of elF3 to the channel. This in
turn triggers the removal of the chan-
nels from the plasma membrane, thus
reducing the probability for further cal-
cium entry (Figure 1). This process oc-
curs on a much slower time course
than the rapid calcium-dependent in-
activation mediated by calmodulin.
Unlike in the case of calmodulin regu-
lation of the channels, however, the
precise molecular mechanisms of
calcium sensing and eIF3e-mediatedugust 16, 2007 ª2007 Elsevier Inc. 539
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(Left) The calcium channel a1 subunit is coassembled with b and a2-d subunits in the ER and
targeted to the plasmamembrane where it associates with calmodulin (CaM). (Middle) Entry of cal-
cium (yellow circles) via L-type channels in response to brief depolarization results in calcium
binding to calmodulin, and feedback inhibition via calcium-dependent channel inactivation. Cal-
cium-bound calmodulin can also signal to the nucleus to mediate gene activation. (Right) Pro-
longed calcium channel activity triggers reversible, calcium-dependent internalization into endo-
somes (E) due to calcium-dependent recruitment of eIF3e to the channel’s II-III linker region.
Possible transfer to a lysosomal compartment (Ly) may degrade the channel protein, leaving
the L-type channel C terminus available for nuclear signaling.L-type channel internalization remain
unclear at this point.
This interesting finding raises a num-
ber of intriguing possibilities. As the
authors have recently shown, the C
terminus of the Cav1.2 calcium chan-
nel can serve as a transcription factor
that enters the nucleus (Gomez-
Ospina et al., 2006). Considering that
eIF3e is known to be part of the pro-
teasome complex, it is thus tempting
to speculate that entry of internalized
calcium channel/eIF3e complexes
from endosomal into lysosomal com-
partments could result in the degrada-
tion of the channels and cleavage of
the C terminus to allow for such L-
type calcium channel-mediated gene
transcription (Figure 1). In addition to
the previously demonstrated L-type
channel/calmodulin-mediated gene
activation (Dolmetsch et al., 2001;
Deisseroth et al., 2003), this would
provide for another pathway by which
L-type calcium channel activity may
regulate gene expression in response
to channel activation, and at a much
slower timescale. In this context, it540 Neuron 55, August 16, 2007 ª2007 Eis also interesting to note that L-type
calcium channel activity has recently
been implicated in the control of the
cell cycle (Wanget al., 2005), a process
during which eIF3e expression is
tightly regulated (Dong and Zhang,
2006).
It is important to point out that eIF3e
appears to preferentially interact with
L-type, P/Q-type (Cav2.1), and R-type
(Cav2.3) calcium channels, but not
with T-type (Cav3) or N-type (Cav2.2)
channels. Although the authors did
not explicitly examine internalization
of non-L-type calcium channels in their
study, they did find an activity-depen-
dent decrease in N-type and P/Q-type
calcium channel activity that may be
consistent with reduced channel levels
in the plasma membrane. Further-
more, it has been shown recently that
N-type calcium channels form signal-
ing complexes with certain types of
G protein-coupled receptors and can
be internalized upon receptor activa-
tion (Altier et al., 2006). Like the N-
type channel, the L-type calcium
channel has been shown to form sig-lsevier Inc.naling complexes with G protein-
coupled receptors, and specifically
the b-adrenergic receptor (Davare
et al., 2001). This then raises two ques-
tions: First, does membrane depolar-
ization result in the calcium-dependent
cointernalization of receptors and
channels, and second, does the in-
creased L-type channel-mediated cal-
cium entry that occurs upon receptor
activation lead to more efficient chan-
nel internalization? Along these lines,
it is possible that prolonged receptor
activation may per se result in recep-
tor-channel cointernalization. How-
ever, further work will be required to
substantiate such possibilities.
The findings of Green and col-
leagues may also have important im-
plications for synaptic integration and
homeostatic synaptic plasticity. Dur-
ing periods of neuronal inactivity, cal-
cium entry via L-type channels con-
tributes to synaptic scaling by virtue
of increased vesicle pool size and turn-
over rate (Thiagarajan et al., 2005).
Conversely, activation of dendritic L-
type calcium channels contributes to
long-term potentiation (Yasuda et al.,
2003). In this context, the repetitive
activation of L-type calcium channels
by incoming action potentials may
well result in long-term alterations in
L-type channel density, thus perhaps
contributing to calcium homeostasis
in dendritic compartments and neuro-
nal plasticity. In addition to the key
role of L-type calcium channels in reg-
ulating cardiac function, this under-
scores the far-reaching implications
of activity-dependent internalization
of L-type channels as a key regulatory
mechanism of cellular function.
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